Abstract. We present some of the most significant results obtained in the last few years with the IRAM Plateau de Bure interferometer and with other instruments on the detailed mapping of circumstellar envelopes.
Introduction
In the last few years millimeter-wave observations of circumstellar envelopes have considerably improved in both angular resolution and sensitivity. This is due to progress in receiver technology, to the increasing collecting area available at all millimeter-wave interferometers, and to the possibility to use these instruments down to 1mm wavelength. Sub-arcsecond resolution maps may now be obtained for many objects. The spectacular images contain information on the detailed morphology of expanding circumstellar envelopes, both for standard AGB stars and more evolved proto-planetary envelopes; they allow to conduct studies on the chemistry in the innermost region of the outflows, as well as to map the remnants of old high mass-loss episodes.
The millimeter-wave interferometers currently in operation are Berkeley Illinois Maryland Array and the Owens Valley Radio Observatory (both in California, USA), the Nobeyama Millimeter Array (Nobeyama, Japan), and the Plateau de Bure Interferometer of IRAM (France). They operate in the 3 mm (80-115 GHz) and 1.3 mm (210-250 GHz) windows, and reach typical resolutions of rv 2" (at 3 mm) or 0.5" (at 1.3 mm), with fields of view of 20-120", which may be extended by combining several fields (mosaics).
A CO survey of circumstellar envelopes
A CO survey of circumstellar envelopes has been undertaken at the Plateau de Bure interferometer by Neri et al. (1998) . Forty-six AGB and post-AGB stars were mapped in the CO J=1-0 line in the snapshot mode. The IRAM 30 m telescope was used to obtain the J = 1-0 short spacings and CO J =2-1 maps. The derived properties include positions (with an accuracy of 0.5"), fluxes, and radii using both model fits to the visibilities and single dish maps. Crude interferometer maps are also presented, despite the limited uv coverage. The observed line shapes are mostly characteristic of thick envelopes, while some objects may be two-component (detached) shells. The morphology, size and asymmetries were analysed. Most envelopes have a spherical appearance (rv70%), but some shells 305 available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0074180900203215 306 R. Lucas and M. Guelin present a significant asymmetry (RS Cnc, Ml-92, R Cas), with a pronounced bipolar kinematical signature. Mass loss rates and 12CO photodissociation radii are calculated for 38 stars, using the method of Loup et aI. (1993) . An empirical relation is found between the 12CO photodissociation radii and the observed radii, indicating that the CO extents are limited by photodissociation by interstellar UV radiation.
Observations of IRC +10216
IRC +10216 (CW Leo) is the nearest carbon star; its distance is of the order of 150 pc. It has a massive envelope (mass loss rate rv 2 10-5 Mev), expanding at 14.5 km/s. The stellar radius is R* rv 7 10 13 ern. The optical nebula is elongated along a position angle of 20°. In the inner envelope, one detects photospheric species, affected by neutral reactions and interaction with dust in the zone of dust formation and acceleration. The outer envelope extends in CO out to 200" radius. It has a rich carbon chemistry, with about 50 different molecules detected out to 30" radius, which appears dominated by photodissociation and reactions with photodissociation products, as well as, possibly, photodesorption from dust grains (see the review by Glassgold in this volume).
The inner envelope
Continuum emission at millimeter wavelengths The continuum emission of IRC +10216 is easily detected with the IRAM interferometer at 3 mm wavelength (Lucas & Guilloteau 1992) and at 1.3mm (Lucas 1997) . At the highest frequencies the source emission may be split into a point source and extended emission (Lucas et aI., in preparation) . Table 1 gives a summary of the source properties. 2.4 ± 0.1
The point source is identified to the photospheric emission, while the extended part is due to thermal emission from dust in the inner envelope. Groenewegen et aI. (1997) have observed the continuum emission at 1 mmusing a bolometer at the 30-m telescope. They find a peak flux of 0.7 Jy, after subtracting a contribution of similar magnitude due to line contamination in the bolometer passband. The integrated single dish flux in the primary beam of the 15m Plateau de Bure antennas, estimated from the bolometer map, is 1.6 Jy, mm-wave interferometry of circumstellar envelopes 307 which could mean, if the line contamination in the 30m data has been correctly estimated, that half of the emission from dust is resolved out at PdBI.
Vibrationally excited lines Vibrationally excited rotational lines of SiS and CS may be used to investigate the inner envelope of IRC +10216: their lower levels lie in energy about 10 3K above the ground state, and thus they can only be excited at a few stellar radii from the star in the presence of a high enough kinetic temperature or of a strong IR field. We have observed the v = 1, J = 13 -11 transition of SiS and the v = 1, J = 5 -4 transition of CS in IRC +10216, with the Plateau de Bure interferometer. Both transitions are in the 1.3mmwindow, where the available resolution can reach 0.5" in the most extended configuration.
Both emissions are spatially resolved, and no departure from spherical symmetry is seen (Fig. 1) . The source size, derived by a Gaussian fit to the visibilities, is f'V 0.35" or 7 10 14cm, which represents f'V 10 stellar radii, for both lines. The brightness temperatures are 1200 K for SiS and 900 K for CS, which means that both lines are close to be optically thick, given the kinetic temperatures expected at a few stellar radii (1000-1500 K). We have tentatively modelled the SiS emission, using source model parameters from Groenewegen (1997) ; the rotational emission from SiS in the excited vibrational state is due to collisional and radiative excitations (the source size at A= 10j.lm is 0.9" in diameter); the emerging line profile and the spatial distribution are well reproduced with an abundance of SiS decreasing from 10-5 at 3 stellar radii to 7 X 10-6 at 12 stellar radii, in agreement with infrared absorption measurements (Boyle et al. 1994 ). The predicted size of the SiS v = 1 emission is mainly determined by the size of the 10 j.lm emitting region. We thus mainly check that the dust forming region actually coincides with the region where the AGB wind is accelerated. Measurements of this kind at higher angular resolution should in the next decade or so provide detailed information on the kinematics of this important part of the circumstellar envelope. Radiative transitions within the lowest bending states of HC 3N, C 3H, C 4H and MgNC, a few 10 2 K high in energy, are also detected at 12" radius.
Ground state lines The emission in the inner envelope is dominated by lines of CO, HCN, SiO, CS, SiS, SiC 2 , etc. Some of their lines have been mapped with interferometers by Bieging et al. (1984) , Bieging & Nguyen-Q-Rieu (1989), Bieging & Tafalla (1993) , Dayal & Bieging (1995) , Gensheimer et al. (1995) ; maps of SiS, SiC 2 , CS have been presented by Lucas et al. (1995) . Those maps lack the sub-arcsecond resolution needed to study the inner shell.
Recent, unpublished CO J = 2 -1 observations at Plateau de Bure show no obvious departure from spherical symmetry at angular radii larger than f'V 2".
On the opposite, maps of SiS (J = 12 -11) at 217 GHz show enhanced emission in the southern half on the envelope; apparently two inner shells are present at radii f'V 4" and f'V 8". They are also seen in AIF emission.
The outer envelope
Many maps have been made, using the Hat Creek interferometer (Bieging et al. 1984; Bieging & Nguyen-Q-Rieu 1988 , 1989 Bieging & Tafalla 1993; Dayal & Bieging 1993 Gensheimer et al. 1995) , which support a chemistry 308 R. Lucas and M. Gueliti SiS v == 1, J == 13 -11 (left) and CS v == 1, J == 5 -4 (right) emission profiles from IRC +10216. We have plotted the result of Gaussian source model fits to the visibilities: the upper boxes give the size at half-power, in arcseconds, and the lower boxes the integrated fl uxes in Jy.
based on photochemical and radical reactions (see the review by Glassgold in this volume). More detailed maps are now available from the Plateau de Bure interferometer (Guelin et al. 1993a (Guelin et al. , 1993b (Guelin et al. , 1996 Lucas et al. 1995) . They are obtained at better angular resolution (3") and give more insights on the detailed structure of the outer envelope. More species are mapped, resulting from the HCN chemistry (HCN, CN, HNC, C 3N, HC 13CCN, HC 5N), from the C 2H 2 chemistry (C 2H, C 3H, C 4H, C 6H), but also species containing metals, like NaCl, NaCN, AIF, MgNC (Guelin et al. 1993a) . A recent map of the ion HCO+ is shown in Fig. 2 (see Glassgold's review for a discussion of this result).
A comparison of the spatial distributions of four species is given in Fig. 3 . Both HNC and HC 3N are less extended than CN; emissions of similar products with different number of carbon atoms tend to be coincident, e.g. C 3H and C 4H, or HC 5N and HC 3N. The latter is not really expected from current theory, where chains are built step by step through gas phase reactions, which would predict a larger radial extent for the longer carbon chains. In fact these models are assuming constant and isotropic mass loss, while the maps show considerable structure, both radially and azimuthally, in most species. For instance the CN and HNC emissions show clearly a double shell structure, especially in the NW region.
In Fig. 4 we have plotted the location of the emission maxima ('clumps') in all maps obtained so far. A general picture emerges where a series of concentric shells are present, at approximate radii of 4, 8, 15, and 25". The shell at 15" is the one where the the largest number of different species are found; it appears smaller in CS and SiC 2 than in HNC and CN. At this point it is not yet clear if we are seeing substructure in this shell or only chemical segregation. The rate at which AGB stars lose mass is known to evolve with time, very probably both on long time scales and on short time scales. Thermal pulses and mechanical oscillations are believed to modulate on short time scales. The most direct indications for actual changes of mass loss rates came from the detection of geometrically thin CO shells around a few carbon stars: R ScI, U Ant, S Set, and TT Cyg (Olofsson et al. 1990 . Two other carbon stars have large, detached dust shells (Waters et al. 1994; Izumiura et al. 1996) . The CO shells contain a few hundredths of a solar mass. The shell widths, however, cannot be resolved by single dish observations. Only two such objects have been so far studied with interferometers, U Cam and TT Cyg.
mm-wave interferometry of circumstellar envelopes
The shell around U Cam was observed in HCN and CN at Plateau de Bure by Lindqvist et al. (1996) . They separated an outer extended shell of radius 7 10 16cm, expanding at 25 krn/s, and an inner envelope, of radius 6 10 15cm, expanding at 13 krn/s. A preliminary 12CO J = 2 -1 map by Linqvist et al.
(in prep.) was obtained at Plateau de Bure, which unambiguously shows the detached nature of the outer shell.
The shell around TT Cyg was partially mapped in 1 2CO J = 1-0 and 2 -1 by Olofsson et al. (1996 Olofsson et al. ( , 1998 . They found a remarkably thin shell of CO gas (radius 34", thickness 1.3"), containing 0.02 solar masses of gas. The shell shows only small deviations from spherical symmetry. Mass loss is currently occurring 310 R. Lucas and M. Gueliti Comparison of the extents of various molecular emissions in the outer envelope of IRC +10216. All plots represent the emission at the systemic velocity (-27 km/s) and are at the same angular scale. Grey scale correspond to the species noted in the upper right corners, contours to those noted in the upper left. Except for CN, no correction has been made for primary beam attenuation. Beam widths are drawn in the lower left corner of each box.
at a rate of rv 10-8 Mev/yr. A preliminary map of the complete shell is shown in Fig. 5 . 5 . The multiple molecular jets in AFGL 2688 AFGL 2688, the Egg Nebula, is one of the few objects in the transition phase from the AGB to the planetary nebula phase. It left the AGB about a hundred years ago. Its optical appearance in the visible and in the infrared continuum is that of a bipolar nebula (Sahai et al. 1998a (Sahai et al. , 1998b , scattering the light of the cool central star, which is surrounded by a cold and dense circumstellar envelope shocked by a warm fast wind (Young et al. 1992) . Observations of H 2 in the near-infrared have revealed that high velocity gas is also present in the east-west available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0074180900203215 mm-wave interferometry of circumstellar envelopes -r-----r-------r------r-----,r---~--r-----r----,------r-- the LMSA in Japan. It is expected that at least two of these projects will be merged into a single, even more powerful instrument. Collecting areas of several thousand square meters are foreseen. Those instruments should reach rv 0.1" resolutions, enabling much more detailed studies of the prototypal objects, down to a few stellar radii, and to investigate the problems of dust formation and wind acceleration. The frequency coverages will be extended to the sub-millimeter range, where dust emission is stronger, and other chemical species (hydrides) may be observed. The ten-fold improved sensitivity will enable to map circumstellar envelopes of AGB stars up to the center of the Galaxy.
